Abstract -The scope of radioanalysis can be enlarged substantially by preconcentration. The minimal concentration factor required depends on the concentration to be determined, the limit of determination of the analytical technique and the maximal acceptable sample-weight. Simultaneously, the preconcentration step may cause a decontamination. In post-irradiation chemistry this is usually the crucial parameter.
The present paper proposes the classification of (pre-) concentration techniques by the relation between the concentration-factor X and the decontamination-factor Y. In addition, three other criteria here are used to judge the applicability in combination with the analytical technique chosen. They stem from the minimal representative and the maximal acceptable sample-weights and the maximal acceptable dose-rate. The features of a particular combination of (pre-)concentration and analytical technique can be visualized in an X-Y graph.
The possibilities of the various concentration-techniques are discussed in terms of the mentioned criteria. Additionally, the economic aspects are considered. It appears that an inorganic scavenger like active carbon or automatized liquid-liquid extraction is in general the best choise. More laborious techniques should be reserved for separate determinations of single elements.
ANALYTICAL CRITERIA FOR PRECONCENTRATION IN ELEMENTAL ANALYSIS
1.1. General. The scope of any analytical method may be enhanced by preconcentration of the compound of interest and the elimination of interferences. Often these steps may be combined. Obviously, preconcentration makes sense only if the sample material cannot be analysed as such. This depends on (a) the limit of determination, (L0), expressed in ig, (b) the maximal volume or weight, VI or G1, which can be handled, in ml or g, (c) the expected concentration level C, expressed in pg.ml or pg.g1.
If the limit of determination for the untreated material is (LQ) the scope of the analysis without preconcentration is given by V1 . C > (L) (ia) or G1 .
> (La)
If this condition is not fulfilled it may be reached by (a) increasing the concentration or (b) lowering the limit of determination.
The preconcentration-step may be defined by four criteria: (a) Concentration factor; (b) Decontamination factor; (c) Recovery; (d) Specificity. 
or X.G1 . = G1C1
(LQ)
H. A. DAS where X stands for the concentration factor and C for the average concentration in the preconcentrated aliquots.
The actual concentrations of the individual samples will vary around the estimated average.
If this variation follows a Poisson-distribution, a(C) =
and 99% of the samples will be covered by the analysis if equations (2c) or (2d) hold.
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The minimal acceptable value of r depends on the uncertainty in the blank. A reasonable practical choice is r = 2. When the blank is caused by the reagents solely it is obvious that I after/before
In general the value of (L0) depends on that of Y. In spectrometric techniques a net peakarea is obtained by subtraction of a background which is due to the interferences. Moreover, the peak involved may be interfered by a similar peak of the interfering compound. Separation by a numerical technique will cause an extra uncertainty and thus increase (L0)m If it is required that the peak of interest is at least as strong as that of the interference amal value of Y can be defined. The relation between X and Y and the minimal value of Y is "the X-Y-line" in an X-Y graph. The shape of this line depends on the preconcentration procedure.
For each material there exists a minimal representative sample-weight which imposes a minimal :1a depending on the maximal sample-weight or volume which can be handled. This is represented by a vertical line in the X-Y graph.
Finally the maximal weight which can be handled in activation analysis due to counting limitations depends on Y. In trace analysis this relation is usually a simple proportionality.
In the X-Y diagram this becomes "t decontaminationline". Its shape depends on the sampled material and the irradiation. Thus for a quantitative recovery and a given value of a the choice of r sets the maximal acceptable value of the blank concentration in the reagent.
1.4. Specificity. The determination of the isolated compound should be free of an appreciable bas due to interferences. The specifity for compound t, ' may thus be defined as
where A. is the mass of the analyte i and k. the corresponding specific sensitivity. Figure 2 summarizes the features of the X-Y diagram. The area which represents the analytical possibilities lies right of the lines I and 3 and above the lines 2 and 4. In addition to these requirements equation (3) has to be fulfilled.
1.6. Chemical speciation. A special case is presented by the separate determination of the different chemical forms of one element. This may sometimes be done by separate procedures for each species. More often it is achieved by some sort of chromatography. Then the peakwidth is proportional to the amount of material. This implies that the required column length, For a given separation technique the R-and S-values may be calculated from the experimentally observed separation factors and peak-widths.
APPLICATION TO RADIOANALYSIS
2.1. Choice of the procedure. The procedure which is followed in choosing a preconcentration/ prifiain step is shown schematically in table 1. It is iterative by nature as (LQ) depends on Y. Whether the chosen procedure is feasible or not depends on the blank.
In activation analysis two additional, closely related, factors have to be considered: (a) the half-life of the radionuclide involved; (b) the dose-rate at the time of handling. In practice one gets the eight combinations shown in table 2. In cases 6 -8 the analyst is in a conflicting situation. His choice depends on the local circumstances. where G1 and V1 are the maximal processable weight and volume of the preconcentrated aliquot.
To cover 99T of all samples C1 has to be replaced by C1 - E areii) (9) into (8), one obtains (LQ) as a function of the total relative standard deviation in C1:
LQ kQ . G1
.
. 0rel1) (10) Now E 0rel1) increases with decreasing C [2,31. The minimal acceptable C1-value and thus (L ) follows then from the relation Q m 0rel1) ( 
11)
The total relative standard deviation is built up from the relative i's in the peak-area determinations for sample and standard, in the relative flux-or beam-intensity measurements and in the electronic correction factors. In X-ray and y-ray spectrometry these correction factors are usually obtained by way of peakarea determination as well. The relative standard deviation in an individual photopeak can be calculated from the specific count-rate in the peak, the ratio compton background/peak, the counting time and the number of channels in the peaks [2, 3] . The second parameter decreases with increasing Y. One may write the compton background as the sum of two or more terms, each with a characteristic half-life. The elimination of interfering radionuclides will reduce one or more of these contributions.
Equally the maximal amount of sample which can be handled may increase by elimination of interfering radionuclides, if the dose-rate during handling is the governing factor. This is often the case when short-lived radionuclides have to be measured.
2.3. The use of the X-Ydiagrarn. The use of the quantities X and Y may be demonstrated on two extreme cases. In the first example, the value of X is of primordial importance while in the second the improvement is due to a large Y-value. En both cases the recovery is (nearly) quantitative.
The first case deals with the determination of mercury in unpolluted air by thermal neutron -3 activation assayed by way of the 77 keV photopeak. Due to the removal of Na and Br the comptonbackground is reduced by two orders of magnitude which decreases (L0) by a factor of 10. Consequently one needs X 2:105 now. The actual X-value obtained is X = 4.iO -1o6. Figure   3 gives an account of the situation. The lines of the minimal X-and Y-values coincide the X-and Y-axis.
The second example refers to the determination by thermal neutron activation of arsenic in the NBS Standard Reference Material "Orchard Leaves" [5] .
The relatively short-lived radionuclide 76As (T = 26.4 h) is measured by its 556 keV photopeak. It is interfered by the 559 keV line of 82Br (T = 35.6 h). The concentrations of arsenic and bromine in Orchard Leaves are 10 ppm [6] . Table 3 gives the values of (LQ)m and the minimal determinable concentration C1 as a function of the cooling time. Without separation the maximal acceptable weight due to the dose-rate after 48 hrs of cooling is C1 I mg. This maximal weight increases proportional with the decontamination factor against 24 
Al in blood
The x sign indicates that the corresponding criterion is not met. Mass of preconcentrated counting aliquot Y = Decontamination factor from 24Na and 82Br, needed to make counting possible.
PRECONCENTRATION TECHNIQUES IN RADIOANALYSIS
General. Preconcentration is performed on a sample to get a suitable aliquot for the analysisThus preconcentration is subject to the sampling technique. The sample has to be regarded as being homogeneous and representative. If, for instance, water has been sampled including the suspended particulate matter an eventual preconcentration should be capable of collecting the compound of interest from both phases in the sample.
By the same token it is obvious that an eventual dissolution and mineralisation should be regarded as a separate step which, once again, by definition leads to a homogeneous material.
On the other hand the dissolution and destruction have to meet the suppositions on which the separation technique is based. If, for instance, it becomes manifest that the mineralisation has not been complete the whole analytical procedure has to be redressed.
If possible the (pre-)concentration technique should not be the limiting factor in the total analytical procedure with respect to time, costs or blank value. These three requirements narrow down the possibilities appreciably. The resulting X is
1.5.
Freeze-drying is generally applied for biological samples [12] [13] [14] [15] . There is a slight influence of the freezing temperature on the weight loss [5] ; usually the final weight is constant within 1%. The concentration factor may be as high as X = 10.
Dry ashing may lead to concentration factors of X 50. Often part of the organic layer is left with the water to avoid contamination. The extraction may then be repeated to obtain a high R-value.
The resulting X can be enhanced still by evaporation of the organic solvent or by back extraction. The decontamination factor depends on the distribution constants of the compound of interest (D1) and the interference (D2). It is obvious that (12) An elegant procedure is the pulsating column technique [19, 20] If the porosity of the foam is c and the distribution coefficient remains constant one has, for the recovery after n pumpings:
It is obvious that at n = , R = D/(X + D). The required number of pumpings pulses, needed to reach R within one percent follows from (14) n
log[ - Extraction is often applied in the elaborate group separation schemes for irradiated samples. 3.4. Preconcentration by ion exchange. Ion exchange is often used for preconcentration. Moreover it is the backbone of many separation schemes which are applied in post-irradiation chemistry. The use for the isolation of single elements is restricted to a few cases where no other, more rapid, techniques are available.
The application in preconcentration is almost entirely restricted to water samples. Moreover the trend is towards those types of ion exchangers which can be used directly in multi-element determinations. Thus resin-loaded papers have become popular as collectors in the determination of trace elements by X-ray fluorescence or instrumental neutron activation analysis in filtered fresh water. Preliminary work [30-341 led to procedures, based on cellulose-phosphate paper which contains DDC-groups (8 pMol.cm2) at the surface [35] and on anionic resin loaded filters [361. The DDC-filters have to be prepared afresh. Samples of 200 -1000 ml are pHadjusted and pumped through at a specific flow-rate of 10 ml.cm1. The observed capacities of 13 mm diameter filters range from 20 to 100 pg metal.
Usually one has R 98, X = io2 -io3 with y io2 against sodium, chlorine and bromine. The possibilities can be summarized as below. The collection from alkaline medium is of limited use due to the risk of hydroxide precipitations. Usually R is 95, X io2 and Y IO3 against the major interferences. The elimination of interfering elements prior to the irradiation in case of determination by short-lived radionuclides belongs to this class also. An example is the assay of vanadium in biological material by 52C (T = 3.8 mm). The element can be concentrated on a cation-resin with R = 93, X 0.5 and Y 20 [52] . Eventually the adsorbed elements may be eluted prior to the counting to avoid most of the resin's blank.
In post-irradiation chemistry ion-exchange is the base of most of the laborious schemes for group separation which were developed for Nal-counting [53] . The development of the Ge(Li) detector and the increasing labour costs have tended to reduce the number and complexity of the separation steps and to automatize the whole procedure. systems is a combination of rapid scavenging procedure for all trace elements, like that with active carbon (see below), with a few elements specific determination must be done in terms of the analytical criteria mentioned above and of the costs involved.
For some separations of single elements or one group, ion-exchange remains the best technique. The anion-exchanger "Srafion NMRR" which is specific for noble metals can be used for a group separation of the noble metals [55] . It leads to R 95 (except for Pt) and X 3.5. Preconcentration bycoprecipitation, isotopic exchange and adsorption. Collection of a microcomponent by coprecipitation belongs to the oldest part of radiochemistry [56] . In its ideal form, coprecipitation becomes cocrystallisation and it follows Hahn's rule: "A microcomponent is carried down by a solid formed by crystallisation of precipitation if it enters into the normal lattice formation". Often however, the collecting precipitates acts as a scavenger by the combined actions of coprecipitation, inclusion, adsorption and ion-exchange. Distribution between a suitable solid phase and a solution may be used as an alternative. Finally isotopic exchange may be applied in radiochemistry. In practice the behaviour of the collector can best be described by the empirically dete:mined The ions are chelated and scavenged into a small aliquot. The carbon may be stirred through the sample and filtered off or the water may be filtered through a carbon layer. The carbon is submitted to neutron activation [67] or, in the case of uranium, to delayed neutron counting [74] . Alternatively the elements are desorbed into dilute nitric acid and determined optically [70] . Commercial active carbon may be used [67] but it is possible to prepare a purer brand [75] , The best procedure is found by separate variation of the concentration of the chelating agent, amount of carbon, pH and stirring-time or rate of filtration. The use of active carbon for the collection of trace elements from a neutron irradiated sample leads to a rapid multi-element determination [5, 79] . Simple electrochemical displacement can be used in post-irradiation chemistry for quantitative collection of the noble metals except ruthenium, osiuxn and iridium, on copper powder 2 3 [87]. The technique is rapid and gives X 10 -10
PRACTICAL CONCLUSIONS
Preconcentration comes between sampling and analysis. It should be able to keep pace with the sampling and eventually be carried out in the field. This presses for simple, rapid and reliable techniques. Moreover it should be possible to store the resulting aliquots without risk of contamination or deterioration. If the preconcentration is performed in the laboratory it is possible to use slow but easily controllable techniques. It should be realized that a longer processing time implies a longer exposure to contamination, notably by dust. Post-irradiation chemistry is restricted to the laboratory. Considerations of radiation burden and radioactive contamination again press for simple and rapid procedures. Here sample dissolution, radiation level and half-life of the radionuclide of interest set the limits. For preconcentration in the field the best general choice seems to be the scavenging with active carbon or liquid-liquid extraction with a pulsating column. The use of metal hydroxides as scavengers is more restricted due to blank values.
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I. Original sample (orchard leaves).
After separation on active carbon.
If a considerable time-gap may occur between thepreconcentration and the analysis, the preconcentrated aliquots should not deteriorate during storage. From this point of view liquid extraction seems somewhat less useful than ion-exchange or scavenging with active carbon. [LE]
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